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' ._ a,s87,25 equation constants (see Table 2) fitting measured
i, jet momentum components
D> .,
» g2 A total area of wing panels outboard of airplane
e fuselage
> ?3 Ay wing tip jet exit area, in2
' L)
o . 33 aspect ratio of two wing semispan panels joined
k5 together at their roots = b“/S
SN
b wing total span, in. (of two wing panels)
::_ - b/2 wing panel semispan, in.
.. C mean aerodynamic chord, ft
! e
] 8 CB semispan wing root bending coefficient based
* upon CR
2
SN . .
> ‘: CD drag coefficient
= Ce coefficient of rolling friction during takeoff
] roll
c, wing tip jet momentum coefficient, 2(pJV§AJ/p°°VZS')
(per tip jet)
P Cp, lift coefficient
| ACL lift coefficient increment of aircraft components
3 4,- other than the wings
% b CM semispan wing pitching moment about leading edge
5 .Q of root chord, based upon CR
. CR wing root chord, in.
%j :.
AT cT wing tip chord, in.
\1
" g DOTM, m jet mass flow, slugs/sec
) DMX, DMY local jet momentum flux in X and Y directions
K]
§ ~ Fq gross thrust, lbs
‘j F net thrust, lbs
W Y n
e E FT wing tip jet thrust, lbs
b, .
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FYJ, F2J

K

Kp (W)

Ky (B)

L/D
m, DOTM

MXJ, MYJ, MzZJ

NOMENCLATURE (Continued)

reaction to Y-component of jet momentum (see
Figure 4), 1lbs

reaction to components of jet momentum as defined
in Figure 4, 1lbs

proportion of engine bypass duct mass flow that
is diverted to the wing tip jets

wing-body interference factor

body upwash factor on wing lift

wing lift-to-drag ratio

jet mass flow, si/sec

reaction moments (X, Y, and Z components, see

Figure 4) to jet momentum, in-1b

complete wing plan-view area, (Cp + Crlb/2, in2

(two semispans joined at root)
X- and Y-components of local jet velocity

wind tunnel corrected free stream velocity

jet velocity, free stream velocity, ft/sec

local jet slot width

weight, lbs

Jet momentum components in X, Y, 2 wing coordinates
distance along wing tip chord (Figure 1), inches
landing or takeoff distance, feet (sections 5 and 6)
wing coordinates (see Figure 4)

wing corrected angle of attack, deg

tip jet momentum vector sweepback angle and
angle of deflection below plane of the wing, degrees

wing taper ratio, CT/CR

density, slugs/ft3
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1. INTRODUCTION

When plane jets are directed spanwise from the tips of a
wing, the wing under consideration essentially becomes the central
part of a complex "virtual" wing composed of a rigid center
section and fluid dynamic outer portions. The outer portion
cannot directly transmit loads to the center portion, but the
flowfield over the center portion behaves much the same as if it
were part of a wing of much larger aspect ratio; accordingly,
the rigid center portion of this wing carries increased
loading that provides increased 1ift coefficient and
l1.ft/drag ratio. This phenomenon may have many applications.

In particular it may serve to reduce the takeoff and landing

rolls of advanced fighter aircraft.

Improved STOL capability is desirable for future fighter
aircraft owing to the need for continuing operations in
the presence of potential runway denial tactics of attacking
enemy forces. Other benefits may accrue from adoption of wing-
tip blowing on fighter aircraft; these include augmented roll
control in landing approach, and small increases in endurance

and ferry range associated with lift/drag ratio increases.

The current information base regarding the l1ift augmentation
produced by blowing outboard from the tips of wings is limited
to rectangular wing data. Experimental data regarding tapered
wings with leading edge sweepback is needed to determine the
utility of wing-tip blowing in application to fighter aircraft
that require supersonic capability.

This report presents results for the effects of wing-
tip blowing on eight half-span wing models. These wings had
both rectangular planforms and tapered planforms typical of
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high-performance fighter aircraft. The results are applied to
estimating the reduction in takeoff and landing distance
required in the presence of wing-tip jet blowing for a typical
high-performance fighter airplane.

2. RELATED INVESTIGATIONS

Blowing outboard from the tips of rectangular wings has been
shown by several investigators (refs. 1, 2, and 3) to be
effective in markedly increasing the lift coefficient of wings at
a given angle of attack if the wing aspect ratio is relatively
small. Brooks (ref. 1) worked with rectangular fins of 0.62
and 1.24 aspect ratio in a water medium and showed very large
increases in lift curve slope at what were apparently small
angles of incidence. Carafoli (ref. 2) conducted experiments
using rectangular wings of aspect ratio 0.6, 1.0, 1.5, and 2.0
using a very large range of wing tip jet momentum coefficient:
his results showed lift amplification ratios of up to 7 resulted
from blowing from the wing tips at extreme momentum coefficient
levels for low angles of attack and an aspect ratio of 0.6, but that
the l1ift amplification ratio was reduced to the order 1.25 above 10°
angle of attack with aspect ratio 2.0 and blowing rates
consistent with jet engine bypass airflow rates. Lloyd (ref. 3)
worked with an aspect ratio 2.0 rectangular wing using a very
wide range of jet momentum coefficient; his results were in
general agreement wth those of Carafoli, but showed lower 1lift
augmentation levels at many of the same test conditions. Lloyd
also demonstrated that lift/drag ratio was increased by more than
a factor of two with high blowing rates and lift coefficients

in the 0.2 to 0.5 range.
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3. APPARATUS AND PROCEDURES
3.1 Apparatus

Eight semispan wing models were designed and fabricated having
a combination of aspect ratios (0.62 to 4) and taper ratios (0.25
to 1). The principal dimensions of the models are given in Table 1.
The planform areas of these untwisted, semispan wings were all
approximately 0.5 ft2. The NACA 0015 airfoil section was selected to
allow adequate internal space for passage of the compressed air
to the tip and an internal balance. This is the same airfoil
section as used in reference 3. It was necessary to thicken the
base region of Wing 10, which had the smallest base chord, to
provide adequate internal room. The base section of this wing
was a 20.6 percent thick airfoil tapering to the NACA 0015

airfoil at 25 percent of the span.

One of three tip-jet slot-nozzle designs was selected for each
model depending upon the size of the tip section. The designs
are shown in Figure 1 and the jet dimensions and areas are
included in Table 1. Figure 2 shows various views of the wings

and tip jet nozzles.

A variety of design problems were encountered and resolved
in the preliminary design phase of the investigation. These

included:

(1) The large variety of wing shapes required for this study
combined with the need for a wide range for the tip-jet
momentum parameter drove the need for sweepback of wing
internal flow passageways on the tapered wings, and further

led to a fan-shaped flow passage on most rectangular wings.
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T (2) the adequate resolution of measured forces into two

. categories, wing force components (in the presence of an
airflow altered by the tip jet) and reaction forces to

- the jet momentum required extensive calibration of the

- . reaction forces prior to wind tunnel testing. Also, for the

o sizing of the wing models it was necessary to consider that

wall corrections applied to the data should not be unduly

oN large.
bl
.
N (3) adequate clearance had to be provided between the wing

tip and opposite wind tunnel wall so that flow of the jet was

f% mostly subject to free interaction with th: .°in stream flow.

T (4) the provision of pressurized air (to °3 psig) to the wing
—

. models in a manner that caused repeatabl ' -ce interactions

on the balance amenable to calibration wa. a challenging

EJ design problem that was resolved by utilizing custom-made

X bellows; the wing/balance/bellows combinations were calibrated
ol as assemblies for each wing model.

3

{f (5) the contract cost constraint called for a relatively

o inexpensive method of model fabrication, yet the designs

o had to accommodate large loads arising from internal
55 pressures and internal surface areas. A two-piece aluminum
sand casting Jjoined with epoxy adhesive provided the

needed solution.

’ .‘ ¥
.
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(6) the design of an aerodynamically-shaped passageway from
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the mounting base and around the balance to the wing tip
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by to assure a uniform tip jet flow drove the need for two-piece
E& wing model castings with built-in streamline shapes for the
N flow channel and the balance centerbody.
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necessary to use the NEAR S5-component 3/4-inch-diameter force
balance. Its rated capacities are (mounted parallel to the
wing span) 50 lbs axial and normal force, 50 in-1lb pitching
moment, and 80 in-1lb root bending and drag moments. For the
selected wing semispan planform area of 0.5 square feet, a wind
tunnel velocity of 200 fps, and C; = 1.0, the model 1lift would
be 23.8 1lbs. The balance capacity would then just be limiting
if the model center of pressure were located 2 to 3 inches

from the balance center. This required that the balance be
mounted inside the wing and that the wing be at least 0.9

inches thick at the mounting location.

The models were tested in the Nielsen Engineering & Research
Water/Wind Tunnel operated in the wind tunnel mode. The test
section size was 20 X 14 in. and the maximum test section
velocity approximately 210 fps. The flow loop contained two
honeycomb flow straighters (one in the plenum), four turbulence-
damping screens in the plenum, and an 8:1 area ratio nozzle.

The typical inlet test section flow distortion in velocity

was *0.2 percent and #0.2° flow arjle. Very little inlet flow
degradation was anticipated with the models at maximum angle of
attack due to the relatively high flow loss around the circuit
and the extra honeycomb and screens for flow straightening.
Standard wind tunnel wall corrections for blockage (for the
typical semispan wing tested) and at maximum lift were 1.2
percent on velocity and 2.0 percent on the lift coefficient

for the typical semispan wing of this study.

Based upon an assessment of the engine bypass airflow
available from typical fighter aircraft propulsion units, and
the wing-tip blowing studies of Brooks (ref. 1), a maximum
design jet momentum coefficient Cy;= 0.2 was selected. Tip jet

nozzle areas between 0.7 and 1.7 in were used to provide a
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maximum jet momentum of 9 lb-sec and maximum jet velocities of 1000

daa’_ a

fps. The most appropriate of the three jet nozzle designs shown
in Figure 1 was selected for each wing tip. It was necessary to
use design "A" (see Table 1) to obtain the maximum required
nozzle area for the tapered wings because they had the smallest
tip chords, and design "C" for the wings with the longest chords
to spread the jet over the tip chord from 3.5 to 80 percent.

The path of the tip jet was considered during the design
phase. The unobstructed path of the jet-in-a-crossflow was
estimated using the data and analysis of Marguson (ref. 4) for
round jets, modified by the data of Mosher (ref. 5) for round

and oblong jets. The position of the jet centerline is
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and other terms are defined in the sketch.
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‘:':3 = The wings were supported upside-down in the test section
\.: with the base mounted close to the top l4-inch wide wall. With
. . this orientation tt 20-inch test section height was available
':'.. B for the model plus the jet flow. For the maximum jet momentum
\ coefficient C; = 0.20 (and no wing lift) the intersection of the
o o jet centerline with a plane parallel to, and 1 inch above the far
o - wind tunnel wall, was calculated to be at least a tip chord behind
-" - the swept wings, half a chord behind rectangular wings nos. 6
{ and 7, and behind the trailing edge for rectangular wings 8 and
AR 10.
Y
S The NEAR balance was located in the models parallel to the
\ ) trailing edge at the 40 percent base chord position as shown in
Q Figure 1. This placed the balance closest to the chordwise
». center of pressure. A rotatable housing was located outside the
o N test section wall. The connectionto the test section wall was

" made with a base plate. The balance was attached to this
RS housing via a 3/4-inch diameter sting. To minimize tares on the
o, . balance due to the incoming air flow for the tip jet, the air
E: was introduced coaxially and essentially symmetrically about the
- jff balance sting. An approach was taken of making a flexible air
e passage connection between the housing and the model by using a
- - soft metal bellows with axial spring rate of 18.6 lb/in.
. This was a 2.0-in I.D. X 2.5-in 0.D. x .003-in. wall
Z:'_‘:I - nickel-cobalt bellows from the Servometer Corporation. A
= round-to-elliptical metal tube completed the air passageway into
an elliptical hole in the base of the model. The interaction of
L'..':I the bellows on the balance was found to be small and
7'.:;: - reproducible, and so could be accounted for by calibration of
"*' :. each wing/balance/bellows assembly.
N
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To fabricate model patterns, 1/8-in thick metal templates
were machined for the base and tip chords. With these templates
in proper alignment, balsa wood was glued in between and shaped
with the end templates as guides. Any resulting depressions
were filled and reshaped. Next, the interior air passageway was
roughed out. One side of the model pattern was then cut out to
expose the air passageway for final shaping, resulting in two
pattern pieces. A wood block was glued in place in the passage-
way to provide the balance housing pattern (see Figure 1). The
final air passageway shape, with the balance housing located
within it, was the design result of layouts of the cross sections

to assure a smooth approach to the tip nozzle section.

After the aluminum sand castings of the two pieces for each model
were made, the interior flow passageway smoothed, the side piece
glued in place, the base and tip ends milled flat and parallel,
and the exterior surface sanded and shaped final. The base
elliptical hole and tip jet shapes were machined, the balance
housing and pin holes machined, and finally, the bellows with
the round-to elliptical adapter was glued in place. The model
was then ready for mounting onto the balance and clamping the
nonmetric end of the bellows to the hodsing. Wing no. 4 is
shown in Figure 3 as an example. The final typical model finish

was approximately 16 microinch roughness.

Housing assembly rotation, designed as a means for varying wing
model angle of attack, was provided by a gear motor driving a fine-
pitch lead screw to provide a stiff drive mechanism. To keep the base
of the model essentially out of the wall boundary layer, a 13-inch-
diameter splitter plate (see Figs. 1 and 4) was attached to the
tunnel wall with a 1/2-inch gap to the wall (unobstructed
boundary layer thickness was 0.61 in.). The wing models were
installed with approximately 1/32-inch gap to this splitter
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plate. This gap was frequently checked to assure that no
contact was made with the splitter plate. Some of the jet air
introduced into the tunnel circuit at the wing tip could escape
from the wall boundary layer flow via a slot on the front side
of the sting housing. The remainder escaped from holes at the
end of the test section.

Pressurized air was provided to the model from the NEAR auxi-
lliary air supply, which consists of a 550-CFM roots-type
blower driven by a 75-HP electric motor. This 15 psig air was
routed through a water-cooled heat exchanger to drop the air
supply temperature to the 60-75° F range. A bypass valve
arrangement was used to control the flow rate provided to the
the models.

As described in Section 3.3 the housing with balance and each
wing attached was mounted on a static test stand before
installation in the test section. Wing and jet forces and
moments were calibrated on the test stand and pilot traverses
of the tip jet were accomplished to determine the jet mass and
momentum flow distributions.

3.2 Instrumentation
A total of fifteen force, pressure, temperature and position

sensors were employed that produced electrical signals. These

sensors are listed here:

et et T i e T e e e R N R e o et et ne .}



Symbol

PDB

PTB

TB

PTC,
PSBEL

PDW
PSMA

PHA

FX2

Ce .
. e

Group/Function
Jet Blowing Parameters

orifice pressure difference
" total pressure
" total temperature
wing cavity, bellows total

pressure

Wind Tunnel Velocity
Parameters

plenum-test section static

test section static minus
atmosphere
tunnel air temperature

Wing Loads and Angles
normal force

side force

pitching moment

bending moment

wing angle of attack
Calibration Stand Sensors
load cell 1

load cell 2
jet total pressure

10

~.‘\,_"'.. \' ~.. ._-._ .. ._" . - .". SR

~~~~~~

Transducer

0.5 psi Validyne
12.5 " "
therminstor
12.5 psi Validyne

0.3 psi Validyne
12.5 psi "

thermistor

NEAR 5-component

balance

10-turn pot

Celesco

same as PSMA

Calibrated
range

0-0.87 psi
0-15 psi
63~124°F
0-15 psi

-0.3to 15 psi

60-130°F

-5to 30 1lbs

0-10 1lbs

0-80 in-1bs
-5to 55 in-1lbs
-3°to 20°

0-10 1lbs
0-10 1bs
-0.3tol5 psi




. u
3
: Jet mass flow was determined using one of two ASME flat plate
.' orifices with flange pressure taps (PDW), upstream total pressure
' . Kiel probe (PTB) and temperature-measurement Themistor (TB). The
™ orifice was located in a 10 ft section of 3-in ID. pipe with honeycomb
;l:' at the start of the pipe to remove any swirl in the flow. The wind
> tunnel velocity as calculated from the plenum-minus-test-section static
A0 pressure (PDW, corrected for area ratio), the test section total
;:j minus atmospheric pressure (PSMA, the tip blowing caused an
% ‘ excess tunnel static pressure), tunnel air temperature TW,
' - plus barometric pressure and humidity.
Y s,
- f’_ The NEAR 5-component balance was oriented in the wing as
: ) shown in Figures 1 and 4. Figure 4 shows the wing coordinate
» ﬁ system and balance force and moment system. The Y-component of
- reaction to the jet momentum (spanwise force) was not measured
g o by the balance. This force was obtained during calibration from
j ’ the two load cells FX1 and FX2 upon which the housing was
. mounted on the calibration test stand. Chordwise centerline
N, velocity distributions were obtained using a 3-hole pressure
o probe.
=
¥ ? All of the electrical signals from the sensors described
. ‘ above were sampled and processed by the NEAR LSI 11/23
3'; .'::j minicomputer system with its A/D system, hard disk storage unit,
terminal, and printer. The pressure transducers were all of
: the interchangeable diaphram, variable reluctance type. They
N were operated by Validyne CD 90 carrier-demodulators. Power
i: v supply- filter-amplifier units powered the balance, load cell
- c gages, and thermistors and conditioned their signals. Two
;- . 5-digit digital voltmeters were used to visually monitor the
y -:: various sensor signals.
i
o
i h ]
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3.3 Procedures

All of the sensors described above were calibrated prior to
this experimental program after the integration and debugging
of the electronics system. The calibration was performed using
the power supplies, signal conditioners and computer connections
used for the entire test.

The 12.5 psi Validyne pressure transducers were calibrated
against a 15 psi, 10-in diameter Heise gage, the calibration of
which had just been certified, traceable to NBS standards.
Smaller-pressure-difference Validyne pressure transducers were
calibrated using a micromanometer. For best sensitivity several
diaphragms were operated to 140 percent of full scale and well
below pressure levels where hysterisis effects might have been
encountered. All calibrations were fitted with second- degree
(least-squares) equations that represented the data within #0.15

percent.

The thermistors were calibrated over the full temperature
range to be experienced using a water bath. A mercury-in-glass
laboratory thermometer was used for the standard. The overall
uncertainty of the analytic fit to the data with respect to the
standard was 1.3°F. The mass flow was determined from pressure
and temperature readings associated with the ASME orifices.
Since the ASME orifices were certified by the manufacturer, no
attempt was made to independently determine the orifice
coefficients, though they were checked against each other in the
overlapping flow range. Standard installation practices were
followed in the plumbing upstream and downstream of the orifice
and in the use of honeycomb far upstream of the orifice to
eliminate any swirl. From Benedict, chapter 24 (ref. 6) the
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maximum uncertainty in flowrates calculated from the orifice
pressures is *1.5 percent relative to the true value of flow

. rate.

The wing angle of attack was determined in two steps: (a)
geometric measurements, and (b) in situ determination of the

"
X

TP
4

angle setting for zero normal force. First, relative angles
were determined by mounting the apparatus (housing and balance)
so the balance was horizontal. A wing was mounted and pinned to

ety e
'l"

the balance and a gunner's quadrant was attached and used to

o
4

determine angles. The angle-of-attack data was correlated

."‘l ..
1%

against the leadscrew drive position pot output, and so
represented a smooth but nonlinear function due to the lead
screw drive arrangement. A tabular lookup with linear

vrva—wry
[+ g

interpolation was employed to determine the relative angle *.05

,.‘ l.. A

degrees.

. Determination of the wing zero angle was dependent upon

- several factors, especially the balance pin hole orientation in
each wing model. Upon mounting each wing in the wind tunnel a
preliminary run was made to find the approximate a = 0 location

’ based upon the sign change on the balance normal force (F2)

¥ 3_ gage. This was adequate for establishing the run schedule,

which involved taking data in two degree increments. Afterward,

b~ the final location of the a = 0 condition in the relative angle
of attack data was selected based upon determining the

- lead-screw drive angle for C; = 0 graphically. The total

maximum uncertainty of the absolute wing angle is estimated to

o, be x0.1 degrees. The effect of angle correction due to tunnel

walls, a function of the lift, is described later.

13
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The test of each wing model involved a five-part procedure:

1) In-place calibration of the balance

2) Jet momentum calibration calibration test stand
3) Jet velocity profile traverse '

4) Wind tunnel test

5) Post-test data reduction

These steps are described below. i

With a load check on the first wing it was found that the
bellows, which seemed orders of magnitude more flexible than the
balance when unrestrained, actually created signficant
interactions with the balance. This was due both to the bellows
stiffness in torsion about its centerline (the convolutions
increase its resistance to buckling with torsion) and its
greatly increased lateral stiffness when both ends are clamped.
The end clamping was necessary to make an air-tight conduit for
the jet air supply. Also, the bellows interaction was somewhat
dependent upon internal pressure of the bellows. This required
that the balance be calibrated in place in each wing with the
bellows mounted, at two or three internal pressures. The
bellows adapter was temporarily expoxied to each wing in turn.
This joint was broken for reuse on each succeeding wing. It was
found necessary to complete the entire test process including
the wind tunnel test with this joint undisturbed; breaking and
regluing the bellows-to-wing joint produced different balance
interactions. So long as the glue joint was not disturbed, the :
calibration repeatability was found to be excellent.

To accomplish the calibration three small holes were
drilled and tapped into each wing on the suction side for use as

pull points for balance calibration. These points were
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precisely located to load the balance with known combinations of
bending and pitching moments plus side force. A special
screw-cable connection was constructed to precisely apply the
locad. With the wing and balance mounted on the static test
stand several pull loads were applied at each location at 2 or 3
internal pressures (usually 0, 5 and 10 psi, the tip jet being
sealed during this process). Wing axial loads were also
applied. The balance calibration data was first analyzed
manually to extract the zero shifts due to bellows
pressurization. With this effect in large measure removed from
the data a matrix inversion yielded the balance coefficients
(including force and moment interactions) at each pressure
level. During subsequent tests involving the calculation of
balance forces a linear interpolation with pressure was
performed using the results from the bracketing matrices. The
test apparatus, consisting of wing, balance, and housing was
actually bolted to two load cells which in turn were bolted to
the calibration test stand. Calibrated weights mounted on top of the
wing were used to check the combined load cell calibrations.

By rereducing calibration data through the derived matrices
to determine uncertainties, and then allowing a margin of twenty
percent of the uncertainty on all measured parameters, the
uncertainties in force and moment measurement are (balance
coordinates):

F (1b) F (1b) F (1b) M (in-1b) M (in-1b) M (in-1b)

average uncertainty .06 .12 .18 .96 .40 «25
maximum " .12 .31 .29 2.1 .74 .54

It was anticipated that the tip jet momentum could not be

correctly measured while the model was mounted in the test

section. During such a calibration it would be necessary for

15
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there to be no through flow in the test section as this would

create wing loads, yet the recirculating jet exhaust would
create such loads. Therefore, the jet momentum was calibrated
versus the mass flow (as determined from the orifice sensors)
while the apparatus was mounted to the calibration test stand in

a large room.

It would appear that loads could be carried out of the system
through the air supply hose in addition to the load cells.
However, the hose, which was a long, flexible plastic tube,
contained a loop as sketched here. Vertical loads could not
be transferred across the bottom of the loop, as dy/dx = 0 at
that location. A control volume has been sketched around the
apparatus, cutting through the load cells and through the
supply tube where dy/dx = 0. The location of the control volume

Jet momentum

|«—Control volume
|

l
[
I

—
£ ~—_lo0ad cells

-&\\\-Static test stand

|
|
Flexible

air hose

[
top surface is far enough from the wing tip to assure that the

static pressure through the jet at this location is atmospheric.
A vertical momentum balance, then, will simply equate the

Y-momentum to the sum of the load cell readings.

All force and moment readings other than vertical force were
obtained from the balance. The momentum of the flow entering
the base of the wing was symmetric to the balance and parallel
to it, so again there was no momentum component on the balance

forces and moments due to the air flowing into the wing.
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For the jet momentum calibration the bellows pressure
PSBEL, orifice sensors, load cells, and balance readings were
recorded and reduced by the minicomputer using the program
called JETMOM. The momentum components were correlated against

mass flow rate using a quadratic equation fitted to the data:

2

Fi or Mi =a_ . + ay4 DOTM + a DOTM

oi 21

While each wing was still mounted on the test stand a
manual chordwise traverse was made along the jet centerline
using a calibrated, 3-hole total pressure-yaw probe. The probe
was oriented to the null yaw position and angle, total pressure,
and orifice flow quantities measured. The traverse was made at
a constant mass flow condition with the probe tip within 0.1 in.
of the jet slot.

The local Y- and X-components of velocity (uy,ux) and momentum
(DMY, DMX) were calculated using the orifice total temperature,
probe total bressure minus atmospheric pressure (for the static
pressure), barometer and specific himidity readings, probe
angle, and local jet slot nozzle width(w). No allowance was
made for the effect on the jet of the very thin boundary layers on the
flow passage walls. The local momentum components are then:

DMY = puzw DMX = pu_u w
Y Xy
The local mass flow and these local momentum components were
also integrated along the jet nozzle length using linear
interpolation to obtain total flux values. Comparisons with the
calculated orifice mass flow and measured jet reactions are

presented in Section 4.1.

Upon completion of the calibration test stand tests the
entire apparatus assembly was moved from the calibration stand and
mounted in the wind tunnel. As with the data acquisition on the
test stand, before each run the sensor excitation voltages were
checked, zeros set, and amplifier gains ("R-cals") checked. The

wind tunnel velocity was run up and maintained at approximately

17
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- 200 fps. (Setting an exact value was unimportant as the final

data is in coefficient form.) The Reynolds number at this
velocity and a typical wind-tunnel air-circuit temperature of
100°F was 1.12 x 10° per foot. The model angle of attack and
blowing rates were first increased to maximum values tO exercise
the balance and minimize any hysteresis errors. A first test
run was made at small angles to locate the approximate angle for
zero 1lift. An argle scrhedule was then established for taking
data at approximately two degree increments. Several levels of

tip blowing would be repeated at each angle.

During conduct of the wind-tunnel tests, The program ATOD
was used to acgquire data from all the sensors previously
described. The minicomputer analog-to-digital unit sampled each
channel 200 times at a 200 hertz rate and the samples were
averaged. Just before starting to run, a set of data samples
was cbtained using ATOD and the resulting averages were then
used as tare values for subtracting off all subsequent averages.
Finally, the data-taking runs were accomplished. The tunnel

3 cooling capacity was inadequate to maintain constant

: temperature, so the test section temperature increased at

: approximately 1°F per minute. Testing was interrupted at 130°F,
. where a set of zero values was taken. Usually, the test
sequence was completed in two runs, or one run if the velocity
were decreased for a short while to drop the temperature. For

4 monitoring purposes during a run, the average "counts" ouput of
; the instruments, counts reduced to basic units (i.e. psi, °F,
etc), and a few important quantities (forces, uncorrected
velocity, mass flow) were printed. The raw, averaged counts

were stored for further processing.

After the test was completed the best value for zero alpha,

a was selected based upon CL/a at low angles. Programs REDUCE

OI
and SAVER were then run to obtain final data with all wind

tunnel wall corrections included. These corrections included

effects for model and model wake blockage (the jet blockage

18
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was negligible) and induced angle effects. The correction
procedures presented by Pope (ref. 1) were employed. The ouput

from program SAVER is presented in the following section.

4. EXPERIMENTAL DATA
4.1 Tip Jet Characteristics

Two types of data were acquired for each of the eight wings
tested. Described in this section are the jet momentum forces
and moments and the jet centerline surveys, both of which were
obtained while the model was mounted in the calibration test stand.
The wind tunnel data showing the effects of tip jet momentum
upon the various wing aerodynamic coefficients are presented

in the following section.

As previously noted, the effects of jet momentum upon
balance measurements, as measured on the calibration test stand,
were fitted with a gquadratic equation as a function of DOTM so
the jet momentum effects could be removed from the total loads

and produce wing alone results.

The constants age 2y and a, are listed in Table 2 for the
balance forces and moments FzZJ, FYJ, MYJ, MZJ, MXJ, and the load
cell forces FX1J and FX2J. With these constants the jet

conditions can be calculated for any test condition.

Figure 6 presents momentum vectors for the wings, the
vector sum of the local Y- and X-momentum components, DMY and
DMX. These vectors are all to the same scale as indicated on
the Wing 1 drawing. Some remaining wake from the balance

housing is evident (decreased velocity near x/CT = 0.4),
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particularly for Wings 1, 4, 6, and 10. For the smaller aspect
ratio untapered wings (Wings 6, 7, 8) the flow diverges rapidly
from the inlet ellipse at the base to the tip jet slot. The
result is a fanning-out of the tip flow with considerable
forward-directed momentum for x/C < 0.4, and rearward-directed

momentum over the rest of the slot.

The ratio of the running chordwise sum of the Y-momentum
(spanwise component) to the total spanwise jet momentum is
presented versus x/Cp in Figure 7. The data has been spread to
facilitate reading by raising the ordinate as indicated for each
wing and a reference line (an approximate average for the wings)
drawn at the identical location for each wing. Wings 2 and 6

deviate the most from the reference line.

Table 3 contains a summary of the jet characteristics.
Lines 2, 3, and 4 contain the mass flow determined from the
orifice, and the jet momentum reactions WMJY and WMJX as
measured by the balance and load cells in the calibration test
stand tests. Line 5 shows that the integrated mass flow ranged
from 8 percent low to 7 percent high, compared to the orifice
measurements. This provides a good check of the jet velocity
and mass flow measurement system. Line 6 shows the integrated
momentum flux to range from 7 to 48 percent higher than the
orifice/load-cell measurements. This appears to be related to
the relative size of the tip jet slot (listed in the following
line) and may be related to a slightly reduced static pressure
caused by the jet induced flow. Line 8 shows the difference, in
pounds, between the integrated and measured X-momentum
(chordwise) component. The maximum difference is 0.09 1bs.
Lines 9 and 10 indicate the total jet momentum vector angles
(degrees), & and Y, as defined here. Only Wings 2 and 6 have

significant jet deviation from the wing plane.

20

PN P I WL W L U LI PP ST LR, W S o PR UL "L




T g L G e e sq

Top view \

Rear view

Lines 11 and 12 of Table 2 contain the percent of
Y-momentum forward of x/CT = 0.25 and 0.4. Line 13 shows the
percent of X-momentum forward of x/Cqn = 0.4. This is
approximately the location for the dividing streamline about the
center body, and the division where the momentum vectors point

either more upstream or downstream than the average momentum

vector. The percent X-momentum on line 13 is based upon the

' . total Y- momentum. While the total X-momentum for the untapered
) wings is essentially zero, line 13 documents the significant
deviations from the average for Wings 6, 7 and 8, as is shown in

Figure 6.
4.2 Wing Force and Moment Characteristics

Table 4 contains the reduced wind tunnel data. The header
for each section indicates (in order) the run number, wing
- number, and flow orifice number, barometric pressure and
‘ specific humidity. The zero angle of attack, which has been
. subtracted from all the data, ALPHA 0, is indicated. The column
~ titles are ALPHA - corrected angle of attack; DOTM - jet mass
flow; UTUN - corrected tunnel velocity; CJ, CL, CD, CM, and CB -

coefficients of jet momentum, 1ift, drag, pitching moment, and

bending moment; and L/D - lift-to-drag ratio. Wing 10 data i
L showed a larger than usual effect on C; and Cp at zero angle of
attack due to blowing. The Cj effect has bran corrected in the
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ﬁh tabular data and the drag data is not presented, but the drag

for no blowing is included in Figure 8.

S All wing coefficient data in Table 4 reflect wing loads
with the appropriate jet momentum reaction components (as
determined from the bench tests) deducted. The results, then,

5 represent the wing loads influenced by the freestream airflow as

. influenced by the tip jet, but not the jet reaction.

S Balance force and moment uncertainties were described in
Section 3.3. The uncertainty in drag force data is essentially
the uncertainty in Fy determination, which is 0.12 1b, or ACH =
0.005 at U, = 200 fps. This is approximately twenty percent of
the typical drag near zero angle of attack. Also, the

o uncertainty in L/D at zero tip blowing and low o will be at

[
r.]

least this great, depending on the angle of attack and the lift

P -
A

uncertainty (~10 percent at a = 1° due to 0.18 lb average

uncertainty). For swept wings the jet (chordwise) X-momentum is

GRS

NI NN

s

as much as an order of magnitude greater than the drag force,

greatly increasing the uncertainties in Cp and L/D.

?{Q‘ Figure 8 provides a plot of CD vs. a at C5 = 0. Wings 1
and 2 exhibit the lowest drags, and Wing 6 has the greatest drag
. up toa =8°. Figure 9 presents Cp vs Cj, in each case for the
o set of constant o-data closest to zero. At o near zero Cp
e should be independent of C;. Considering the magnitude of the
momentum term that has been removed the results appear to be
very good. For example, Wing 1 with Cj; = 0.19 has DOTM = 0.010
(Table 4). From Table 3 the X-momentum (-FY) is calculated to
- be 4.63 1bs, or an equivalent Cp = -.18. This compares with a
change in Cp in Figure 9, as Cj increases from O to 0.9, of ACp
= 0.006, which amounts to a 3 percent overcorrection for the

T X-momentum reaction.

The following procedure has been applied for improving the
o Cp and L/D data from those listed in Table 4. The wing Cp for

no biowing at a = 0 has been selected (as one example) from

'fﬁ Figure 8. The difference between this value and the Cp values
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in Table 4 at the a = 0°angles (Figure 9) have been determined
versus Cy. These corrections were used as if they remained
oriented with the wing axis, so ACp was multiplied by the cosine
of the angle of attack to yield corrections at a ¥ O.

Figure 10 shows the combined effects of wingtip blowing and
angle of attack upon the lift coefficients for all the wings
tested. The data in these figures is displayed in "carpet

_ plot" format, wherein the scale for increasing angle of attack
- - but constant momentum coefficient runs diagonally up and to
the right, and the scale for increasing jet momentum coefficient
& runs from right to left. The resulting lines of constant jet
momentum coefficient (CJ) run diagonally upwards and to the
E right as angle of attack is increased, whereas the lines of
constant angle of attack run slightly upwards and to the left
-, as the jet momentum coefficient is increased. This type of
o graph is useful in interpolating in bivariant parameter data
‘ . (CL in this case) to find constant independent variable lines,
especially when both independent variables were subject to

scatter.

Considerable differences are observable in the seven plots
N of Figure 10. The width of each plot indicates the maximum Cjy to
] which the wing could be tested before encountering one of the
Q ﬁ, blowing design limitations described earlier. The height
indicates the maximum lift coefficient at maximum angle of
attack. The most striking characteristic of the plots is that

ﬂf : the constant angle of attack curves have two basic shapes. For

. the wings with jet slot designs A and B (Figure 1) the rate of
Lz C
decreasing with greater blowing rates. Essentially the opposite

L increase is greatest at CJ = 0, with the CL slope continuously

5Z'i is true for the wings with jet slot design C (6, 7 and 8) where
iy there is virtually no effect on 1lift for small amounts of blowing.

P

Because of the large tip chord of the wings 6, 7, and 8 they

i

have the narrow jet slot (configuration "C") covering one-tenth
to one-fourteenth of the exposed tip area (Table 3). The

ﬁk - velocity in these with their large jet perimeter will dissipate

P



rapidly with turbulent viscous action. The tapered wings have

PEAAAAA  {aty

-

small tips with a relatively thin perimeter around the slot, so
the jets initially have an airfoil shape and are much thicker.

BAGS
»

There are some differences in the jet Y-momentum distribution

DR Y
PP

along the slot (see Figure 7) but without any consistent trend

with the data. Another effect is the significant component of

forward momentum in the front portion of the jets for Wings 6,
7 and 8 and the resulting fanning out of an already thin jet.

The lines of varying C; at constant Cj in Figure 10 tend to be
nearly straight. A decrease in slope near the top of the plot indicates
the wing is approaching stall. An increase in slope indicates
that rate of blowing is having a more positive effect on 1lift.

By comparing Wings 1 versus 4, both of aspect ratio 2, the lift

P PO PV NS —— =

augmentation for the taper ratio 0.5 wing is noted as greater

than for the taper ratio 0.25 wing at any combination of

- - 4

momentum coefficient and angle of attack.

Figure 11 shows the increment in rectangular wing lift ,
coefficient associated with wingtip blowing at a = 12°. The lift .
coefficient increment increases with increasing aspect ratio. A

1

Figure 12 compares the lift augmentation ratio, (ratio of A

C;, with tip blowing to Cp without tip blowing) at a = 12° for
the aspect ratio 2.0 wings, as influenced by tip-jet momentum K
coefficient. The 12° angle of attack case is of interest

because it is in the range of take-off angles of attack utilized

by modern fighter aircraft. When the momentum coefficient is
less than about 0.1, the X = 0.5 wing provides the highest

lift augmentation ratio of the three wings considered. Figure 7 J
compares the lift augmentation ratios of all the wing

Jala

configurations tested for cases where a = 12° and C3 = 0.1; these

data indicate that the lift augmentation ratio of tapered wings

Y :
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‘ Q: decreases more rapidly with increasing aspect ratio than is the
< case with untapered wings. Some of the effects noted in Figures
. 11 and 12 are likely to be influenced by the jet X- and Y-momentum

distributions as previously discussed.

The current results regarding lift augmentation by wing tip
ST blowing are compared with those of earlier investigators
(refs. 1, 2, and 3) in Figures 13 and 14. General agreement
with the rectangular-wing archival data base is indicated,
- although there exist important source-dependent differences
among all of the data. Possibly these data differences result

v from variations in the jet momentum distribution.

. E Wing 4 yielded a favorable l1ift augmentation performance
and provides a planform suitable for a fighter aircraft wing.
The lift amplification performance of this aspect ratio 2, A =
0.5 wing is summarized in Figure 14, where the variation of lift
i ' amplification ratio with angle of attack is shown for several

- values of the jet momentum coefficient.

An example of the augmentation in the lift-to-drag ratio
(L/D divided by (L/D)cJ = o) is plotted in Figure 15 versus the

. ’ jet momentum coefficient for several different wings for CL ~ 0.35.
The magnification in drag errors involved from subtracting out a
~. large momentum component with a resulting small net difference was
previously described. To minimize the error, the procedure des-
} cribed for correcting Cp was applied to L/D. The same type of
: correction was also applied to Cj in several cases (taking into
; account the real effects of jet blowing at angles near zero).
'- Significant augmentation in L/D is observed for the tapered
. wings, but generally there was a degradation in L/D for the
o untapered wings.
¥
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5.

To provide a basis for assessing the potential military
worth associated with blowing outboard from the wing tips of
fighter aircraft, the F-15 airplane was selected as a baseline
for predicting improvements in takeoff and landing performance.
The following information was extracted from References 8 and 9

combined with some analysis:

X0 (nominal takeoff roll) = 900 ft at 41,500 lbs gross
weight, full power (augmented)

Xy (nominal landing roll) = 2,500 ft (no parachute) at
nominal landing weight

Va (approach speed) = 144 mph (211 ft/sec) at nominal
landing weight

%o (nominal takeoff angle-of-attack) = 12 deg

takeoff lift coefficient) = 0.83

CLpo ¢ )

s (reference area) = 608 ft?2

wTO (takeoff weight) = 41,500 1lbs (interceptor

' mission)
c (mean aerodynamic chord) = 14.5 ft
26
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CDTO (drag coefficient at takeoff) = 0.14
. ng (gross wing aspect ratio) = 3.0
' < Ezwp (aspect ratio of two wing panels, portion outboard
” of the fuselage) = 2.0
. A, (total area of wing panels outboard of fuselage) =
s 496 £t?
-
xi F (maximum gross thrust at S/L) 47,620 lbs (augmented)
o gmaé
S
< FnTO (liftoff net thrust of engines at sea level) = 43,810 lbs
(augmented)
BPR (engine bypass ratio) = 0.6
FPR (fan pressure ratio) 2.0 minimum
Cf (aircraft coefficient of rolling friction) = 0.025

The relationship between wing lift and complete airplane

1ift was derived using the upwash and interference factors of

Reference 10 as follows:

‘B c = AC, + C. [K + ]
F . La/c L ¥ S, B T fwe
. where: ACy = Lift coefficient increment due

to fuselage, air inlets, & empennage

for the F-15, KB(W) = 0.3

KW(B) = 1.225

so that at takeoff (o = 12°):
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C = .83 = AC, + .56(1.525); AC, = 0.117

L L L

where the F-15 wing-alone lift coefficient was assigned a value
of 0.56 based upon wing-alone data base information. Therefore

the effects of blowing outboard from the wing tips upon complete

aircraft 1ift augmentation may be written:

y) C (c.) AC. + C. [K
A/C J L L, B(W

The A = 0.5 data of Figure 12 can be adequately represented by
the quadratic:

c, (C)
L -3 _ - 2
ST oy T 1+ 3725 ¢ - 9.5

SChe
PP P W

so that the takeoff l1ift coefficient (o = 12°) of an F-15 fitted

with an aspect ratio 2.0, taper ratio 0.5 wing may be written:

c (C;) = .117 + .789 (1 + 3.725 C - 9.75 c§)
A/C

L
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- Diversion of airflow from the engine bypass ducts reduces net

thrust according to the following relationship:

Fn(K) = Fn(l - .375K) + F_siné

. . -
R
o™
‘ where: .K = fraction of bypass airflow diverted to wing tips
- o -F = delivered thrust of wing tip jets = .1626 F_K
: .§ = sweepback angle of wing tip jet moment vector
(27.5° for R = 2.0, 2 = 0.5 wing)
-
. . The engine exhaust nozzles are adjusted to provide
sonic flow at the throat.
. ' Figure 16 shows the extent to which the net axial thrust of
two augmented F-100 engines operating at full power is degraded
i - by varying the fraction of engine bypass air that is diverted
o to the wingtip jets.
-
- 5.1 Takeoff Roll Reduction
- QE The total lifting force normal to the runway that operates
= to effect liftoff is composed of aerodynamic lift and thrust
vector components. In the case of a baseline F-15 airplane
in interceptor configuration without benefit of wing tip-jet
lift augmentation, about 900 ft takeoff roll is required to
- = reach the 236 ft/sec takeoff speed (assuming apg = 12 degrees and

CLT/O = 0.83); at this liftoff condition, the airplane develops
32,400 1lbs of aerodynamic 1lift, whereas the component of engine

thrust normal to the runway is about 9100 1lbs (41,500 lbs




gross weight at liftoff). Figure 17 shows the variation of
total liftoff force, aerodynamic lift, and the thrust component
normal to the runway with the fraction of engine bypass airflow
diverted to the wingtip jets for 210 ft/sec runway speed,

these data show that whereas aerodynamic lift can be augmented
by about 23% at K = 0.7, the loss of thrust-component liftoff

force constrains the total liftoff force improvement to about
15%. Figure 18 shows the variation of total liftoff force with
runway speed and fraction of bypass air diverted to the wingtip
jets. The data of Figure 18 llustrate the fact that the maximum
liftoff force is achieved at decreasing values of the diverted.
bypass fractions as runway speed is reduced; this occurs because
the momentum coefficient (Cj) is increased as runway speed is
reduced at constant wingtip-jet blowing rate, and this results
in less 1lift augmentation per 1lb of thrust loss at the higher
levels of wingtip blowing due to the gquadratic variation of

1ift augmentation ratio with C; (Figure 12). The implication
of this result is that if reduced takeoff speeds can be

achieved through nonpropulsive aerodynamic improvements, then
the full benefits of 1ift augmentation produced by wingtip

jet blowing can ke provided at lower bypass airflow diversion

fractions.

The relationship between diverted mass flow and the momentum
coefficient is: Cj = 6046 K/Vg, where an assumed 10% total
pressure loss in the tip-jet ducting yields a wing tip jet
Mach number of 0.98.
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vl The takeoff condition was specified as:

- ZFZ = Wpg = Cr4,s - Fn(CJ) sinaTo =0

37 The equation used for longitudinal acceleration is:
.. :': = = - - 9
- a [Fn(CJ 0) - Cpas cfw'ro] Mg
é where the equation assumes application of full thrust without

e

kL 340man e O

LA

wing-tip blowing until takeoff velocity is achieved; at this
j% point, engine bypass air is diverted to blow outboard from the
j wing tips and the airplane is assumed rotated to the takeoff
angle of attack. The acceleration relationship was integrated
in time via finite differencing to obtain takeoff velocity and

distance traveled.

The takeoff roll analysis results are displayed in Figure 19
relative to the nominal values of F-15 takeoff roll and velocity.
Apparently, diverting 70% of the engine bypass airflow so as to
blow outboard from the wing tips augments the airplane lift
coefficient by about 24%; this in turn reduces the takeoff
‘o roll by 15%. The reduction in takeoff distance is less than
would result from inverse proportionality to 1lift augmentation
due to the loss in net thrust associated with diverting engine

- bypass air to the wing tips.

31

...........




g P S5 A Fat e T

R~ LSOO *{ POEg
‘
’
»

Figure 20 shows how takeoff roll and velocity are affected by
variation of the fraction of bypass and airflow diverted to
the wing tips; these data were developed under the assumption
that the F-15 can be fitted with R= 2.0, X = 0.5 wing panels
with provisions for wingtip blowing. The resulting takeoff
roll for zero wingtip blowing is some 140 ft less than that of
the F-15 baseline owing to the higher 1lift coefficient at
takeoff (0.906 vs. 0.83) associated with the different wing

configuration.

5.2 Landing Roll Reduction

The landing roll of an airplane varies in proportion to
landing speed (or approach speed) squared and in inverse
proportion to the deceleration level available after touchdown.

In the simplest terms, the landing roll, X may be stated:

z vé/o3
X, = VL/2a
where: V; = landing velocity
approach velocity (ft/sec)
a = average deceleration (ft/sec ) from touchdcwn

to zero runway speed.

In landing approach, a high-performance fighter aircraft such

as the F-15 would be configured for high drag (full flaps) with
the throttles set for 80% or re of full military power, this

to enable the slowest possible ::fe approach speed while providing
for rapid transition to full augmeuted power in the event the

landing must be aborted. The maximum military power rating of

4
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two Pratt & Whitney F-100 engines as installed in the F-15 is
26,450 1lbs net thrust. Assuming 87% throttle, and that the
resulting total thrust of 23,000 1lbs can be maintained by
throttle adjustment when engine bypass air is diverted to the
wing-tip jets, the thrust component of forces acting normal to
the airplane flight path at a = 12 degrees is 4780 1lbs.

If the airplane weighs 28,000 1lbs in final approach, the
approach speed can be computed from the lift coefficient as
augmented by wing-tip blowing; the results of such calculations
are provided as Figure (21), which shows the predicted variation
of approach speed for the F-15 with the fraction of engine
bypass airflow diverted to the wing-tip jets. Also shown in
Figure (21) is the percent reduction in landing roll expected
due to wingtip blowing at varying airflow rates. It therefore
appears that the effect of 1ift augmentation (due to wingtip
blowing) upon landing roll (23% reduction) is significantly
greater than its effect upon takeoff distance (15% reduction);
this occurs because net axial thrust is less of a factor in
determining the total force opposing weight normal toc the
airplane flight path. The actual values of landing distance
required depend upon knowledge of a, the average deceleration
value. Deceleration can be provided by braking, thrust
reversing and/or drag chute deployment. Regardless of the
deceleration measures employed, the landing distance reduction

percentages shown in Figure 21 apply.
5.3 Roll Control Augmentation During Landing Anproach
The ability of pilots to control roll attitude in final

approach constitutes a limiting factor in attaining reduced

landing speeds; although lower approach speeds may apparently

be possible due to 1lift augmentation, the associated reduction
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in dynamic pressure can result in sluggish control response and j
: degraded handling qualities. If wing tip-jet blowing is adopted

E] as a means of reducing takeoff and landing speeds and distances, ?
- then a large measure of roll control authority can be made available

= by modulating the wing-tip jet momentum balance between the left

and right wings. For example, up to 15,000 ft-lbs of roll
!' control torque is available on demand by diverting different 1
amounts of bypass air to each wing tip so as to produce a left-
to-right difference in wing panel 1lift coefficient of 0.05 while
satisfying the lift-equals-weight condition. The resulting rolling

moment coefficient is about 0.035.

6. INTEGRATION OF WING TIP BLOWING IN FIGHTER AIRCRAFT, i
TOGETHER WITH OTHER MEASURES, TO GREATLY IMPROVE STOL
CAPABILITY.

High-performance fighter aircraft that must provide
unsurpassed interceptor and air-superiority mission capabilities ;

generally exhibit the following aerodynamic performance features:

1. High transonic energy-maneuverability, and ability to

execute high-angle-of-attack '"corner-velocity" maneuvers.

Ao A

2. Limit speeds above Mach 2.5 (35 Kft altitude or greater) .

It is clear that airplane wing configurations and equipment
added to effect STOL capability must not compromise either of

these two essential aerodynamic qualities. This means that

air-superiority fighter aircraft will continue to utilize thin, i
highly swept wings of low aspect ratio and low drag at 1lift
coefficients in the 0.1 to 0.3 region. Further provision of )

STOL capability must not involve complex mechanisms and service-
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intensive techniques such as tangential blowing through slender,
close-tolerance slots due to the attendant reliability and life-
cycle cost considerations.

The above-noted requirements constitute constraints as
regards selection of methods for lift augmentation applied to
improve STOL capability of high performance fighter-aircraft.
For example, a circulation-controlled wing must be excluded
from consideration for this application because the supersonic
drag of such blunt-trailing-edge wings is excessive, and complex,
retractable mechanisms would be required to configure the wing
for low drag after takeoff; this is unfortunate because the
circulation-controlled airfoil (ref. 11) provides the greatest
lift augmentation per unit jet momentum coefficient of any known

fluid injection method.

Blowing outboard near the wing root does not significantly
augment wing lift below the stall region, and so will not be

considered here.
Three methods remain that are relatively simple to implement:

1. The jet-flap (ref. 12) wherein engine bypass airflow,
(or other fluid) is ejected from the wing trailing edge
deflected downward at some substantial angle to provide
a fluid-dynamic flap. This affects wing pressure distri-
bution very much as would a mechanical flap. This method
traditionally utilizes very large values of jet momentum
coefficient that could not be provided in a practical,
effective high-performance fighter, but at low jet

momentum levels the technique is still effective, providing
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aC. /acC
=2 : 1.06 (C, < 0.1) 1
J -
L
a -1
3
for a jet flap deflection of 30° (2-D wing).
A wing lower surface jet that exhausts normal to the <
chord line has been shown by Leopold, Krothapalli, and
Tevella of Stanford University (ref. 13) to be very
effective in augmenting the 1ift of 2-D wings. Presence
of the jet on the wing lower surface somewhere between

midchord and the trailing edge separates the flow over

the aft portion of the wing lower side, signficantly
reducing the local pressure at the trailing edge; this re-
gion of low pressure significantly reduces pressures over

the wing upper surface, consistent with the analytic proce-

dure of enforcing the Kutta condition at the wing trailing edge.
The reference 13 data indicate the efficiency of this )

technique to be:

3C. /3C

= = 1.49 (C; < 0.1) ,

La of
for 2-D wings

AbL

Blowing outboard from the wing tips was investigated in
the present experiments docuu.ented in section 4

of this report. For low-aspect ratio, tapered wings
suitable for application to high-performance fighter

aircraft, the efficiency was found to be: 4
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eC, /3C
o N £ 0.96 (C; > .05) |
SN L J - <
. ol
«; " for R = 2.0, X = 0.5 wing
>
N Given all due regard for the fact that the jet-flap and
‘; K lower-surface slot-jet techniques have not been investigated in

o the context of low aspect ratio wings with substantial leading
edge sweepback, it appears that the three methods provide about
- the same levels of 1lift augmentation efficiency. However,

providing a jet exhaust along the trailing edge of a wing poses

'}-‘g some severe integration problems with respect to trailing-edge
:k control surfaces and mechancal flaps, structural design, and air
- ducting.

. The wing tip-blowing technique is the most straight forward

in terms of integration into the wing because the wing tip

‘
.

region is unfettered with control equipment, and an enlarged

v
ot
+

.- wing spar can be utilized as a passageway for pressurized air

from the engine bypass ducts. The lower-surface slot-jet

'ﬁ: -’ technique would also be relatively easy to integrate with the
.f wing over its inboard portions (flap region); experimental data
12 ﬁ: are needed to characterize the l1ift augmentation effectiveness
) of this technique in application to swept, low-aspect ratio
? - wings with flaps for the fighter aircraft application. Use of
N - lower-surface jets ahead of the wing ailerons may or may not
‘; : affect aileron effectiveness in an adverse way, but this also
: - needs further investigation.
.;
' e
¥ 37

P Y T . P U T j



Y R T T —————— I S g

The 1ift augmentation due to wing tip blowing has been shown

Lasa B

herein to be sensitive to jet geometry and direction, and so it
is believed that the 1ift augmentation performance of this !
technique can be improved somewhat; also, the current data base

needs to be extended to include the effects of section camber. J

Based upon the present aerodynamic augmentation results,
we believe that takeoff speed can be reduced to about 180 ft/sec
with a takeoff roll less than 500 ft for a 41,500 lb-class
fighter takeoff weight without propulsive improvements or l
vectored-thrust measures. Increasing wing area by 20% and
integration of the F-401 derivative of the F-100 engine would 1
reduce takeoff roll to about 375 ft with a takeoff velocity
of about 160 ft/sec. The recommended approach is to utilize I

combined wingtip blowing and wing lower surface slot-jets,

each operating at jet momentum coefficients of about 0.1

(0.2 total); this would provide the maximum possible 1lift
augmentation at minimum utilization of engine bypass air

because both of the lift augmentation measures would be operating

in regions of maximum efficiency.

Figure 22 illustrates the F-15 planview wth AR = 2.0,
A = 0.5 wing panels superposed. The baseline F-15 wing leading
edge sweepback could be duplicated by utilizing a slightly
smaller wing aspect ratio. Wing area would be added at constant
aspect ratio and taper. Figure 23 illustrates the wing
features needed to integrate wing tip and lower surface blowing.
Since the enlarged wing spar reduces the wing internal volume
needed for fuel storage, increasing wing area slightly would be

required to maintain range performance.
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7. CONCLUSIONS AND RECOMMENDATIONS

- The following conclusions were derived from the present

- experimental results and application studies:

1. Blowing outboard from the tips of low-aspect-ratio wings
augments the wing lift coefficient by an amount that
depends strongly upon wing geometry, angle of attack,

jet momentum coefficient, and the tip-jet geometry and

iy - direction.

- 2. Wing 1ift was augmented by as much as a factor of 2.2
4 at low angles of attack (a = 2°) with Cj = 0.2 for an
5 AR = 1.24, rectangular wing.

3. At angles of attack close to those typical of fighter
takeoff conditions (a = 12°), up to 35% lift augmentation

' was measured.

- 4. The lift augmentation decreased monotonically with
increasing angle of attack, but the lift coefficient

R - increment due to wing tip blowing was roughly constant
. with angle of attack in the a = 6° to 16° range for all

" wings tested.

5. Strong effects of wing tip jet geometry were observed;
::j ;:-:Z the reasons for this remain to be determined, and are
obscured by superposed wing taper effects. This
occurred because differing jet geometries were necessary
- to provide the desired range of momentum coefficient

as wing tip chord was increased.

-

—
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; 6. Increasing wing taper and sweepback (decreasing taper

ratio) slightly reduced (apparently) lift augmentation

between A = 1.0 and A = 0.5. Decreasing taper ratio
from 0.5 to 0.25 significantly reduced wing lift

augmentation for C, > 0.05.

7. Increasing wing aspect ratio systematically reduced the

lift augmentation associated with wing tip blowing.

8. Integration of wing tip blowing (as characterized
by the present experimental results) on an F-15-
class fighter can reduce takeoff roll by 15% and reduce
landing roll by about 23%. Additional relatively

straightforward 1lift augmentation measures are available i
for use in conjunction with wing tip blowing to provide

further STOL capability improvements.

e

The following recommendations are made regarding work that
should be accomplished in the second phase of this Defense !

Small Business Advanced Technology Program:

PP

1. Additional experiments should be conducted to para-

a8

metrically characterize the effects of wing tip jet |
geometry and direction. One of the existing half-span
wing models could be modified for this purpose.

2. Experiments should be conducted to parametrically measure 1
the 1lift augmentation performance of lower-side slot jets
on low-aspect-ratio tapered wings, alone as well as in

conjunction with wingtip jets. This can be accomplished

X
.
!’ by modifying existing hardware.
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The effects of wing camber should be measured for an
aspect ratio 2.0, A = 0.5 wing. This would require
fabrication of an additional wing with a prescribed
camber distribution; this wing would be tested using

existing instrumentation and equipment.

A design study needs to be accomplished to trade off
and select the preferred means of integrating wing
tip and lower-side slot-jet blowing with fighter

aircraft wings. This study would include structural

DafcaPiCalitNg

~

design, aerodynamic performance, provision of needed internal

volume for displaced fuel capacity, and integration of flow

control equipment.

Planning should be initiated for wind tunnel testing
of a high performance fighter aircraft model that

incorporates wing tip and wing lower-side blowing.
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Table 2.- Wing Tip Jet Force and Moment Equation Constants

(U R R A R

TR (VR U ¢ A <

W]

o]
N 0O N H O O O N HE O N O N KH N BE O N

VR VR R U R

ol

Force or Moment Coefficient = ag

EZJ

0.325
-.2639E3
0.003
0.531
-.4137E4
-7.180
0
-0.002
-0.350
.5576E3
0
-.693
.9336E3
-0.039
0.316
.9636E3
0.051
-0.650
.9438E3
0.005
0.240
-.7530E3

FYJ

-7.503
.4552E5
0.038
1.523
.2936E5
0
.2289E5
0.008
0.284
.1395E5
0
-.256
.1642E4
~0.016
0.731
.2037E4
0.001
~1.112
-.1328E3
0.040
0.377
-.1735E4

PP S

MYJ

-1.055

.1728E4

-0.025
0.234

.3100E5

3.476

.5380E1

0
-0.834

.2839E4

0
1.107

.7083E3

0.183
-3.631

.3950E4

-0.172
4.671

.1699ES5

-0.065
-0.952

.5673E4

MZJ

17.189
-.1441E6
0.165
26.130
.1746E6
1.933
.4284E5
-0.075
~7.675
.3305E5
0
1.068
.2519E4
-0.013
0.849
.2696E4
0.032
6.528
.2151E5
0.214
2.586

45

+ a,.DOTM + a

1

MXJ

-4.391
.7026E4
-0.037
-4.601
.1480E5

0
0.012
2.216

.2698E4
-.234
-.485

.3463E4

0
0
0
0

129.0
0

-0.186

-1.355

.4421E5 -.7482E4

2

DOTM2

FX1J

7.328
.6546E5
0.043
4.814
.6684E5
-0.112
.2807E5
-0.020
-0.018
.4661E5
0
0
.1421E5
0.054
0.994
.2685E5
-0.186
1.218
.3075E5
0.025
0.616

i

FX2J

-.559
.3671E4

0.051

4.608
.1363E5
-1.609
.1593E5
-0.051
-4.103
.2101E5

0
0

.1073E5

0.138
-1.876
3.002E5
-0.155
-0.940
.3952E5
-0.025

0.162

.1261E5 ~-.2833E5
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Wing 5 A = 0.5, R=4

] IDATA IWING IDORF BARM SPFMUM  ALPHA 0
a 4 5 3 30.05000 0.01200 0.62000  1i-FEB-83  16:36203
ALPHA DOTM  UTIN (] (o D ] CB L/D
-1.68  0.00000 0.00  0.0000  0.0000 0000  0.0000  0.0000 0.00
-0.76  0.00970  195.43  0.1638 0.0220 0.0135 -0.0091  0.0291 1,63
-0.77  0.00828 194.92 0.1211  0.0180 0.0123 -0.0071  0.0233 1.9
- -0.77  0.00628 194.50 0.0710  0.0117  0.0155 -0.0059  0.0192 0.76
o -0.78  0.00435 194.46  0.0353 0.0070  0.018% -0.0049  0,0155 0.38
-0.78  0.00326  194.3%  0.0208  0.0027 0208 -0.0032  0.0117 0.12
<0.79  0.00000 194.85  0.0018 -0.0027  0.0157  0.0001 0067 -0.12
N 3.55  0.00000 193.76  0.0018  0.2498  0.0218 -0.1002  0.1792  11.4%
o 3.65  0.00954 196,07 0.1575 0.3565 0.0130 -0.15%0 0. 27.42
= 7.80  0.00937 196.87  0.1515  0.7397  0.0254 -0.3296  0.476]  29.1b
11,82 0.00000 195.64  0.0018  0.8707 0.0620 -0.37%0 0.5594 14,05
1200 0.00938  197.31  0.1523  1.065%9  0.0545 -0.4688  0.5550  19.45
.o 16,13  0.0093  197.21  0.1521  1.2718  0.093% -0.5377  0.4031 13,59
MR 15,95 <0,00000 196,02  0.0018  1.0874  0.1008 -0.453! b089  10.79
o IDATA IWING IDORF BARM SPFHUN  ALPHA O
. 41 S 3 30,0500 0.01200 0.62000  11-FEB-83  16:37:54
h%
- ALPHA DO UTWN (| L D | CB L/D
1.3 0.00917 190.55  0.1562  0.1882  0.0111 -0.03%0  0.1597  17.00
.35 0.00797 190.32  0.1193  0.1826  0.0126 -0.0357  0.1544  14.47
. 1.38  0,00622 189.95 0.0743  0.1713  0.0154 -0.0288  0.1431 8.63
.. 1.33  0.00431 190,00 0.0370  0.1549 0.0248 ~0.0202  0.127% 6.25
: 1,29 00000  190.23  0.0019  0.1118  0.0280 _ 0.0059  0.0848 3,99
3.3 0,00924  191.20  0.1604 0.3808  0.0136 < -0.1065 0.2778  24.97
3.3 0.00809 191.18 0.1240 0.3358  0.0148 -0.1035  0.2720 49
3.3 0.00624  191.04  0.0749 0.3216  0.0226 -0.0954  0.257 14,26
3.3 0.0043% 190,54  0.0376 0.2990  0.0277 -0. 0,232 10,80
3.2 . 190.28 0. 0. 0.0311 -~0.0707  0.2125 8.89
m 3.28 . 190,21 . 0. 0.0289 -0.0458  0.1710 8.17
532  0.0092 19:.35  0.1606  0.499%  0.0175 -0.1795 0.3982  28.57
) 53 0 191.40  0.1231 A 0,0217 -0.1763 0.3912 22.T7
5.3  0.00624 08 0.0 0.4766  0.0286 -0.166%  0.3721 16.68
N 5.2 . 00430 b4 0, . 0.0329 -0.1493 0.33%8  13.M
5.22  0.0039 190.001 0.0229 0.4128 0.037 -0.1328 0.30%5 1.5
5.9 0 190.35  0.0020 0.3426 0.0334 -0.1013 0.2578  10.86
7.30  0.00915 191.64  0.1587 0. 0.0238 -0.2737 0.494  29.40
1.9 . 191,71 0,122 o, 0.0278 -0.26%1  0.5012  24.77
- 7.26  0.00623 191.69 0,0750  0.6541  0.0376 -0.2519  0.5007  17.41
. 7.2 0.00434  190.34 0. 0.6127  0.0424 -0.2302 0.4589  14.44
- 7.18  0.0032  189.90  0.0230 0.0454 -0,2098  0.4208  12.48
7.13 . 190.48  0.0020 0.5i50 0.0802 -0.172 0. 12.82
9.3  0.00917 19289 0.15%  0.8871 0.0355 -0.3402 0.5280 24.%9
9.32 X 193.00  0.1203  0.8718  0.03%8 -0.3540 0.535  21.92
= 9.28  0.00624 59 0.073%9  0.8294  0.0488 -0.3336 0.5420  16.%9
9.3 . 191,28 0.0375 0. 0.0548 -0,3083 0.5453  14.21
9.19  0.00328 191.27 0,023 0.73%2 0.0572 -0.2862 0.5305  12.88
. 9.12 . 191,43 0.0019  0.6707  0.0505 -0.2445 0.458  13.%
. 11.35  0.00917 193.15 0.155 11,0281  0.0481 -0.4178  0.5627  21.%
. 11.34 . 92.77 04226 1,014  0.0527 -0.4120 0.5717  19.73
1.0 0,00624  192.M4  0.0745  0.9749  0.0625 -0.3949  0.5792  15.60
11.26  0.00435 191,34 0, 0.9320  0.0696 -0,3758  0.5837  13.40
i 1.2 0.00326 191.3 0. 0.895  0.073%4 -0,3578  0.5807  12.19
! 11,46 . 191.41 0. . 0,065 -0.3217 0.57%5  12.48
13.40  0.00917  193.24  0.1572 1.1482  0.0660 -0.4631 0.5923  17.3%
HEOTRm R MEX LER b MR M i
13.% 0.004 91.?09 . 1.04 0.0849 -0.4159 0.6118  12.28
13.27  0.00%26 191,20 0.0224 1,0029 0.0869 ~0.3962  0.6087  11.54
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c. End view of wings 10, 7, and 1
Figure 2.~ Semispan wing models.
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Figure 5.- Wing 4 mounted in the wind tunnel.
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Figure 7.- Comparison of jet Y-momentum distribution
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Figure 9.-Drag coefficients near zero angle of attack
versus jet momentum coefficient.
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Figure 11.- Lift coefficient increase associated with jet
blowing for rectangular wings.
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nozzle adjected to provide same
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Figure 17.- Effect of diverting bypass air to the
wingtip jets when runway speed = 210 ft/sec.
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Figure 20.- Takeoff performance of an F-15 airplane fitted with
aspect ratio 2.0, taper ratio 0.5 wing panels,
and with blowing outboard from the wing
tips to augment lift.
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Figure 21.- Landing roll reduction associated

with wingtip blowing,
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